Tool for the Analysis of Radiations from lightnings and Sprites (TARANIS) is a French Space Agency's (CNES) satellite mission planned for launch in 2020. It is designed for investigating phenomena related to thunderstorm activity, transient luminous events (TLEs) and amongst them -red sprites. The satellite is equipped with cameras, photometers, energetic particles detectors, ion probe and electromagnetic sensors of wide frequency spectrum. It will be the most versatile satellite for measuring TLEs ever sent to space. In this article, theories that are fundamental for understanding sprites and sprites-related measurements of TARANIS mission are presented. The current state of sprites phenomenology and their possible generation mechanisms are presented. The article briefly covers streamer discharges, cloud charge structure at the TLE occurrence, electric breakdown of the air and Runaway Relativistic Electron Avalanche (RREA). At the end, TARANIS mission equipment and goals that are related to presented theories are presented.
INTRODUCTION
Upper atmosphere discharges were theoretically predicted by Wilson in 1920s (Wilson, 1924 (Wilson, , 1925 ; however, it was not until 1990 that the first occurrence of a transient luminous event (TLE) has been reported (Franz et al., 1990) . TLEs are phenomena that occur above thunderstorms; they last for very short time (are transient) but can be optically registered. They occur in stratosphere, mesosphere, and lower ionosphere, depending on the type of the TLE. Since their discovery, the set of TLEs has grown large, and now it includes sprites, halos, elves, blue starters, blue jets, gigantic jets, and others (see, e.g., Cooray, 2014; Rakov and Uman, 2003; Surkov and Hayakawa, 2012) .
Studying sprites and jets can serve for better understanding of sparks and lightnings because of similar mechanisms that probably drive them (Surkov and Hayakawa, 2012) . However, conditions in stratosphere and mesosphere, such as low pressure, lead to larger spatial scales. Thanks to the similarity relations, TLEs can be compared with laboratory measurements of sparks (Ebert et al., 2010) and cloud to ground discharges. There is still much work to do in this field, because the theory of atmospheric discharges is still far from accurate. For example, the initiation process of a lightning remains a big question (Iudin et al., 2018) just as processes of streamers propagation (Dwyer and Uman, 2014) . have only downward-propagating streamers visible) and carrot sprites with many upwardpropagating streamers too (Stenbaek-Nielsen and McHarg, 2008) . Sometimes there are only few upward-propagating streamers and sprite seems to be a combination of two aforementioned types (Stenbaek-Nielsen et al., 2013) .
Sprites appear in the mesosphere at 40-80 km above the ground level and last from few to ~200 ms . Often in the diffuse region before the appearance of a sprite, a wide glow called "sprite halo" occurs. It lasts for 2-10 ms and extends vertically to 60-90 km at an altitude of 75-85 km. Sometimes it is followed by one or more sprites but not always (Barrington-Leigh et al., 2001; Wescott et al., 2001) . Halo can extend horizontally from 40 to 70 km (Pasko, 2007) . Fig. 1 . Graphics illustrating several types of atmospheric discharges with their example altitude and scale (Abestrobi, 2008) Single columnar sprites have ~10 km extent vertically and less than 1 km horizontally. However, sprites often appear in clusters that can extend laterally more than ~40 km. (Rakov and Uman, 2003, p. 487) Sprites are usually preceded by positive lightnings (+CGs) ; however, rare cases of sprites triggered by negative cloud to ground discharges ( CGs) are known (e.g. Barrington-Leigh et al., 1999) . Why some lightnings are called "positive" will be described in Section 5.
Most of the sprites occur in a radius of 50 km around the triggering lightning and after less than 20 ms from the trigger (São Sabbas et al., 2003) . Sprites of longer delay are considered long-delayed sprites and were seen to exhibit properties different from those that appear faster (Li et al., 2008) . Important factor in sprites imaging is their visible spectrum. Sprites strongest emission band is 762.7 nm, first positive band of N2 (N21P). As it lays in strong O2 absorption band near 761.9 nm, it is not visible in ground measurements, thanks to the fact that above the sprite, there is less oxygen than below; however, it is visible from space. What is more, at the same time, the emission from lightnings at this wavelength is damped by the air above them (Blanc et al., 2006) .
Other useful bands in TLE measurement is the ultraviolet band of 337 nm, related to N22P and the 600-to 900-nm range (Blanc et al., 2006; Boccippio et al., 2002) . One of the strongest emission bands of lightnings is 777 nm, which is related to the atomic oxygen excitation (Christian et al., 1989) . Lightnings are important as their activity amplifies the electric field in the mesosphere, allowing for the occurrence of TLEs. The 127-240 nm (ultraviolet to farultraviolet) Lyman-Birge-Hopfield (LBH) band of nitrogen was shown by Formosat's-2 ISUAL to be emitted by lightnings and strongly absorbed by the air . Thus its relation to less-damped 777-nm wave strength can tell the altitude of the cloud to ground discharge by knowing the damping coefficients for these two wavelengths .
ELECTROMAGNETIC PROPERTIES OF SPRITES AND THEIR TRIGGERING LIGHTNINGS
Generally, positive cloud to ground discharges (+CGs) are less common than CGs. They account for around 10% of all the cloud to ground lightnings, and the latter ones are the rest (Nag and Rakov, 2012) . Both these types of discharges strongly radiate in the extremely low frequency (ELF) range (0.3-3 kHz). The ELF measurements give opportunity to distinguish positive lightnings from negative ones (Boccippio et al., 1995) . ELF and very low frequency (VLF; 3-30 kHz) waves can propagate inside Earthionosphere cavity for long distances because of low attenuation in this frequency range (Taylor and Sao, 1970) . Most of these waves stay inside the Earth-ionosphere waveguide and are referred as "sferics," but some part of the energy can escape up to the magnetosphere, becoming a 0 + whistler (Lefeuvre et al., 2009) . Whistlers are waves travelling along magnetic field lines and trapped between magnetic mirrors created by that field. The number standing by a whistler wave's name (e.g., "0" and "1") is the count of the reflections between the magnetic mirrors. The sign ("+" or " ") refers to wave propagating along the magnetic field line and upward from the Earth toward the equator plane (plus) or downward toward the ground when it already passed the equator (minus).
First recording of satellite ELF and VLF signatures related to sprite-producing lightnings was reported by Lefeuvre et al. in 2005 (Lefeuvre et al., 2009 . Those measurements showed that electron and proton 0 + whistlers from thunderstorms exhibiting sprite activity can be observed; however, potential signatures of sprite currents may be overwhelmed by proton whistlers. Cummer et al. (1998) were measuring ELF/VLF radiation from the ground during sprite production. They measured only ELF but no VLF radiation during sprite initiation and showed that it is related to currents flowing in sprites body. On the other hand, Ohkubo et al. (2005) were the first to show ELF and VLF signatures preceding and lasting during sprite activity, stating that it would suggest intracloud discharges (ICs). They argued with aforementioned outcome of Cummer et al. stating that finding no VLF in their signal was related to the fact that their receiver was too far from the event (~2,000 km). As VLF signals are strongly attenuated according to the distance (Johnson and Inan, 2000) , shorter distance of Japanese observations (250-600 km) allowed the observation of signal related to the IC discharges. However, later on showed no lightning activity seen from satellite observations at the time when sprite occurred and ELF signal was present. This gives strong evidence that the ELF signal indeed was related to sprite current. Also other later works used ELF signal to estimate sprite current (Lu et al., 2013; Mlynarczyk et al., 2015) .
Researches show that ICs may play an important role in the generation of sprites of carrot type (Neubert et al., 2008; van der Velde et al., 2006) . ICs are hard to measure by low-frequency ground systems but can be measured by very high frequency (VHF; 30-300 MHz) systems such as SAFIR, although only in short range from the discharge (Drüe et al., 2007) and by spacebore observations (see, e.g., FORTE mission results [Jacobson et al., 2011; Jacobson and Light, 2003] ). The satellite-bore observation can give the information on altitude of the IC, thanks to transionospheric pulse pairs (TIPPs)-pairs of radio frequency signals coming from the source inside a cloud from two different ways. One way is a direct path from the source to the receiver onboard satellite; the other is a path through a reflection from the ground. For example, if the echoed signal is delayed by 50 μs and the measurement was made in zenith (directly above the IC), then the echo propagation is 50 μs × c = 15 km and the IC height is ~7.5 km because of doubled propagation path between the discharge source and the ground (Jacobson and Light, 2003) . B cki et al. (2009) showed that the VLF signal associated with sprite-producing lightnings in satellite-bore measurements decreases over longer time than the one of a non-spriteproducing discharge. This could imply sprite current or IC activity. Both of these details would be interesting from the point of view of examining sprites. Other satellite-bore measurements at ELF/VLF showed a possibility of remote sensing of sprite-triggering discharges from space (Lefeuvre et al., 2009 ). Parrot et al. (2013) used satellite VLF data to provide proofs for the formation of ionization columns above the thunderstorms, especially in the places where sprite-producing +CGs occur. This is legitimate as those strong lightnings exceed the level of the ordinary lightning current. Particles precipitated in these lightnings can cause extra ionization by the mechanism described in Section 7 and 8.
CLOUD CONDITIONS BEFORE THE GENERATION OF A SPRITE
Basically, a thundercloud has most of its positive charge laying above its main negative charge. This is called the main dipole of the cloud (Stolzenburg and Marshall, 2008) , shown in Figure  2 . Nevertheless, this simple approach does not explain all the details of thundercloud's charge structure. For example, Stolzenburg et al. (1998) examined 20 different storms and found out that basic structure along the convective updraft (the core region of a cloud) consists of four charged regions with main dipole placed in the middle of the cloud but additional weak positive charge was at the bottom of the cloud and usually weak and shallow negative charge was at the very top (screening layer). In many models, the tripolar structure is used. It is similar to the one described by Stolzenburg et al., whereas it is neglecting the uppermost negative screening layer (Rakov, 2013, p. 69) .
The electrification of the thundercloud comes from small-scale processes of electrification of single cloud's particles known as hydrometeors that are later moved to separate regions in the cloud. The dominant process for hydrometeors electrification is the graupel-ice mechanism, where collisions between ice crystals and large graupel particles lead to electrification in the presence of supercooled water droplets (droplets that remain in liquid state despite that the temperature is below 0°C). More information on clouds electrification can be found in Rakov (2013, p. 84) .
As it was already mentioned, most of the sprites are caused by positive cloud to ground lightnings (+CGs). These lightnings are often present in massive thunderclouds systems with many charge layers such as mesoscale convective systems (MCSs) (Lang et al., 2004) . During the time before the lightning stroke (left side of Figure 2 ), positive charge at high parts of the cloud is shielded from the ionosphere by moving negative space charge in conductive air above the cloud (shielding layer). A small part of electric field E is directed upward and leads to flow of current from higher potential of the cloud (that can be of the order of 100 MV [Marshall and Stolzenburg, 2001] ) to the ionosphere of potential ~+250kV (where potential is measured in relation to the ground; Aplin et al., 2008) . When strong +CG lowers great amount of positive charge to the ground, the effect is that the negative charge becomes the dominating one in the thundercloud, what brings the reversal of electric field E between the cloud and the ionosphere (right side of Figure 2 ). The created field is much higher than before as the shielding mechanism does not work for the duration of relaxation time (where 0 is the permittivity of free space and a is the air conductivity). This quasi-stationary field gives the possibility to the formation of sprites because of the acceleration of the electrons and related ionization (Pasko, 2006) . For altitudes related to sprite discharges (60-80 km) ~ 1-15 ms following the intense lightnings, which is in accordance with the observed emissions (Pasko et al., 1997) .
Fig. 2.
Schematic illustration of the mechanism of production of quasi-static electric field after +CG. Adapted from Pasko et al. (1997) . Notice that vertical scale should not be treated as realistic.
The "amount of charge lowered to the ground multiplied by the distance between the charge reservoir and the ground" is called the charge moment change (CMC) (Neubert et al., 2008) . ELF data can serve to estimate the CMC of the sprite-triggering discharge. It is an important factor for estimating probability of sprite production by a lightning (Neubert et al., 2008) . For a sprite to be initiated, the charge moment change of the causative +CG must be of the order of
Negative shielding layer
Sprites few hundreds of C km; however, values as small as 120 C km can also produce a faint sprite (Cummer, 2003) . Other values given in the literature for sprite-producing +CGs are 200-1,100 C km , 150-1,100 C km , whereas daytime sprites have been observed to be initialized by CMC as high as 6,100 C km (Stanley et al., 2000) . If there existed a model of relating causative lightning current and CMC to whistlers' strength, this could serve for investigation of sprites from satellite whistler detections.
SPRITE AS A STREAMER DISCHARGE
Sprites, just as lightnings, can be generalized as breakdown discharges in a gaseous medium. Electric breakdown is generally defined as a "process of transformation of a non-conducting material into a conductor as a result of applying to it a sufficiently strong field" (Raizer, 1991, p. 128) . The breakdown threshold is 32kVcm at ground level and is proportional to air density (it lowers with altitude) (Surkov and Hayakawa, 2012) .
In a gas with applied electric field, there are two processes: ionization, which leads to increase in the number of free electrons in the environment, and deionization, which leads to reducing that number. Breakdown threshold is defined as a field at which ionization rate reaches the level of deionization and these two are equal. The breakdown starts as follows: first, free electron starts an avalanche because of collisional ionization of other particles. The more free electrons are in the gas, the larger avalanche grows, accelerated by the E field. When the number of electrons in the avalanche head reaches certain amount, the avalanche turns to a streamer. If the gap between two field-applying conductors is small enough, streamer can become a spark ending with the complete breakdown of the gap (Cooray, 2014, p. 60) .
Although streamer is generated in the field above the breakdown threshold, once it is generated, it can propagate through the regions where the surrounding field is much lower than Ek. The charge density in streamer head is so large that it produces electric field of value 4-7 Ek, which allows for accelerating electrons to energies causing enhanced ionization and progressive movement of the streamer. Typical streamer is a self-propagating filament of lowconductive plasma with a velocity of 10 2 -10 4 km s 1 (Surkov and Hayakawa, 2012) .
The charge in streamer's head can be either positive or negative. Streamers with positive charge move toward cathode and are called positive streamers; those that contain negative charge in their head are called negative streamers and move toward the anode. Negative streamers propagate because of ejection of electrons from their heads. Positive ones propagate because of injection of avalanching surrounding electrons (Surkov and Hayakawa, 2012) . For more details on the formation of streamers and their characteristics, refer to Cooray (2014) and Raizer (1991) .
From the ELF measurements and optical observation, it was shown that sprite streamers produce measurable currents in the ionosphere (Füllekrug et al., 2001) . The radiation was theoretically explained based on a simplified moving capacitor plates model (Pasko et al., 1998 ) and a streamer model (Qin et al., 2012 ). The latter model showed how streamers can produce different radio frequencies depending on their altitude, from the ELF up to low frequencies (LFs; 10-300 kHz). The LF emission have been previously assumed to be produced by relativistic electron avalanches at sprites' altitudes by Füllekrug et al. (2010) , but it could be explained at least partially by Qin's streamer model.
SPRITES AND TERRESTRIAL GAMMA-RAY FLASHES
Terrestrial gamma-ray flashes (TGFs) were discovered by an accident by the Burst and Transient Source Experiment (BATSE) on board Compton Gamma-Ray Observatory that was designed to measure the radiation coming from space, not the Earth itself. The results were published in 1994; however, the first observation came from 1991 (Fishman et al., 1994) . For long time, it was supposed that the emissions are caused by sprites in the mesosphere and the possibility of generation at lower altitude was excluded. It was believed to be so because of too strong atmosphere attenuation for low-produced TGFs, preventing measurements from space . Later on, measurements made by the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI) showed that the altitude of production lays below 20 km and the consensus has changed .
The Astrorivelatore Gamma a Immagini LEggaro (AGILE) satellite has measured TGFs of energy up to 40 MeV (Marisaldi et al., 2010) and the duration of several tens of microseconds (Marisaldi et al., 2014) . Other important missions for measuring TGFs include Fermi (Roberts et al., 2018) and ASIM (Østgaard et al., 2019) .
TGFs from satellite observations can be associated with the triggering lightnings, thanks to the World Wide Lightning Location Network (WWLLN). Using Fermi Gamma-ray Bursts Monitor (GBM) catalog of TGFs, it was shown that the shorter event have higher probability of association-events of shorter duration (<90 μs) are associated with lightnings in ~50% cases, whereas for the longest TGFs (>210 μs), the association rate is ~10% (Connaughton et al., 2013) .
The leading theory explaining the acceleration of particles during TGFs is relativistic runaway electron avalanche (RREA), which will be described in the next section. It used to be believed that RREA occurs in sprites and that it may cause TGFs; however, no direct proofs of correlation of sprites and TGFs have been found yet. What is more, electron avalanches at sprite altitudes would be led by magnetic field lines and this behavior have not been observed during the occurrence of sprite Dwyer and Uman, 2014) . Füllekrug et al. (2010 Füllekrug et al. ( , 2011 claimed that they have found radio signatures of high-altitude RREAs in 40-to 400-kHz (LF) range, after sprite-producing lightnings; some were accompanied by sprite discharges. However, it is possible that these emissions were caused by typical lightning processes of spritetriggering lightnings or by sprites streamers (Qin et al., 2012) , without the involvement of a high-altitude RREA. LF signals were already found to accompany TGFs related to intracloud flashes (ICs), and, recently, VHF radio signatures have been found during the lightning-induced TGF events too (Lyu et al., 2018) .
Although the proofs for sprite-triggered TGFs are not widely accepted, theoretically, it is possible that quasi-electrostatic field existing during the initiation of sprite could lead to the production of runaway electrons Kudintseva et al., 2010) . The theory standing behind sprite-associated runaway electron avalanche can be found in Surkov and Hayakawa (2012) .
Recently, more attention has been paid to associating TGFs and other type of TLEs-elves. The modeling found that energetic in-cloud pulses (EIPs) associated with some TGFs can also cause elves. For longer EIPs, elve doublets and multiplets can appear. TGFs of shorter duration should have accompanying elves more probably as their source currents vary more rapidly (Liu et al., 2017) . Regarding elves' abundance, the data from ISUAL experiment showed that elves are 9 times more common than sprites (Chen et al., 2008) .
RUNAWAY ELECTRONS AND RUNAWAY RELATIVISTIC ELECTRON AVALANCHE (RREA)
One of the explanations of sprites' generation is due to a RREA. It serves as hypothetical mechanism for sprite's optical emission and needed ionization (Surkov and Hayakawa, 2012) , but as it has been mentioned in the previous section, it is disregarded by some scientists .
Runaway electrons were defined as electrons that do not circulate through all the energy states available to them at certain E/N but, on an average, move toward high-energy states, where E is the electric field and N is the number density of neutrals (Bell et al., 1995; Lehtinen et al., 1996; Roussel-Dupré et al., 1998; Taranenko and Roussel-Dupré, 1996; Yukhimuk et al., 1998) . Becoming runaway is possible because of the fact that friction force, when an energetic electron passes the air, starts to fall for electrons of the energies >150 eV (the explanation here is given after a detailed description in Dwyer and Uman, (2014) and Surkov and Hayakawa (2012) ).
Fig. 3.
A schematic plot of dynamical friction force of electrons in the air versus electron kinetic energy. From Surkov and Hayakawa (2012) .
When constant electric field E acts on the electron with the force eE, the momentum equation in 1D (legitimate for the electrons above 50 eV (Pasko, 2006) ), which is given as follows: dp dt =eE fr . Figure 3 shows friction force experienced by a free electron according to its energy. Below ~150 eV, the ionization and excitation of different electronic states of N2 and O2 put high impact on the electron, and when its energy rises, the friction rises too. Above that energy, however, the friction starts to decrease when the electron's energy rises, so that the electron can move toward higher-energy state because of the influence of the electric field. This is because the scattering of electrons with energies higher than ~150eV is governed by Coulomb's law for fast-moving electron through the air. It is related to Rutheford's (1911) experiment, which showed that fast electrons interact with other nuclei and electrons of neutral matter as if they were all free charged particles (Pasko, 2006) . Coulomb scattering has a cross section of .
In non-relativistic regime, this gives the friction force fr N (Surkov and Hayakawa, 2012) . This relation ends at electron's energies above ~1.4 MeV because of the relativistic effects when the friction forces reach minimum Fmin and then start to grow logarithmically (Rutheford, 1911) .
To sum up, for the electron to become runaway, it is possible if its pushing force eE in electric field E is larger than the friction force. If the E field is larger than th 2.6 10 , then all electrons become runaway as eEth always overcomes the friction (see Figure 3 ). This situation is called "thermal runaway" or "cold runaway" (Dwyer and Uman, 2014) .
According to Surkov (2012) , in electron energy in the range of ~150 eV to ~1.4 MeV (slope down at Figure 3) , when the increase in the momentum because of the E field is not accompanied by increased friction because of scattering through the air, we can derive critical field for runaway electrons from Bethe's formula for electron friction force (Bethe, 1930) , stating that min e ZNa , where Z is the mean number of electrons in molecule, N is the numbers density of neutrals in the air, a 11 is a constant derived from Bethe's formula, me is the mass of an electron, and c is the speed of light. In this case, electrons laying in some energy range gain more and more energy from electric field until the friction starts growing again because of the relativistic effects for electrons above ~1.4 MeV (Gurevich and Zybin, 2001) . Constraint for the electron minimum energy to become runaway in surrounding field E can be given as > .
Minimum field for the runaway is dependent on the number density of neutrals and thus on height. This dependency is approximated as 2.16exp 10 , where h 8-10 km (Surkov and Hayakawa, 2012) . Runaway threshold Ec is at least an order of magnitude smaller than the conventional breakdown threshold Ek. At ground level, 2.16 10 , whereas the conventional breakdown threshold (occurs without the presence of the energetic "seed" electrons) is 3.2 10 and thermal runaway threshold is th 2.6 10 ( Surkov and Hayakawa, 2012) . Each of the thresholds is approximately an order of magnitude larger than the previous one. It is legitimate to assume that thermal threshold may be exceeded in streamers' tips in sprites and lightnings (Moss et al., 2006) and in sparks at atmospheric pressure (Oreshkin et al., 2012) .
For the electron to run away in the field Ec < E < Eth, the electron must be highly energetic from the moment it enters the electric field. There are two hypothetical sources of these energetic "seed" electrons: radioactive decay in the atmosphere and cosmic rays; however, for the initiation of sprites, cosmic rays and extensive air showers are the most probable ones (Colman et al., 2010) .
Theory of runaway electrons was given at first by Wilson in 1925 (Wilson, 1925 . It was later extended into RREA theory, described at first by Gurevich et al. (1992) . RREA describes how Møller scattering between energetic runaway electrons and electrons in the air can lead to an avalanche. In an avalanche, few "seed" or "primary" electrons produce large amount of the so-called "secondary" electrons. The latter ones are less energetic, but some of them have energy > , and they also become runaway because of the E field that accelerates them. They also add to the ionization and start an exponentially increasing avalanche of runaway electrons. The avalanche is a source of X-rays and gamma-rays when relativistic particles decelerate and produce the radiation because of bremsstrahlung (Dwyer and Uman, 2014; Surkov and Hayakawa, 2012) .
RREA is a name given by Dwyer in his extension of Gurevich's theory (Gurevich preferred the name "runaway breakdown"; Dwyer and Babich, 2012). Dwyer's contribution lead to the understanding of how runaway avalanches can occur at low altitudes and how intracloud lightnings can produce TGFs. Except from Møller scattering, he included production of positrons and energetic photons because of scattering that leads to positive feedback in the process that greatly increases its efficiency. Interested reader can seek more information in and Dwyer and Uman (2014) .
SOURCES OF SEED RUNAWAY ELECTRONS
Seed electrons are related either to cosmic rays or to radioactive decay in air. Cosmic rays were discovered by Victor Hess (1912) during his balloon-borne measurements of the ionization of air in 1911 and 1912. He discovered that the ionization does not decrease essentially with the altitude, even during a partial solar eclipse. What is more, from some height, it starts to increase, what proved the extra-terrestrial and extra-solar source of ionization (Carlson et al., 2008; Surkov and Hayakawa, 2012) . The very phrase "cosmic rays" is some sort of a misnomer because now it describes massive particles (mostly protons) that come from the outer space and not the electromagnetic radiation (which is rather called X-rays or gamma-rays). However, because of historical reasons, this name is still used in the literature.
Highly energetic cosmic rays of energies greater than few gigaelectronvolts and higher are well documented in the literature. They are capable of producing the so-called extensive air showers (EAS)-a cascade of secondary particles initiated by one primary cosmic ray. EAS consists of typically 89% of photons, 10% of electrons (energies up to 30 MeV), and 1% of other particles. These electrons are key for initiating runaway breakdown-they become the seed electrons of the avalanche (Nagano and Watson, 2000) .
Sprites are associated with strong +CG discharges that invert the normally occurring E field so that its vector points from the ionosphere to the cloud (as was mentioned in Section 5). We should note that this quasi-electrostatic field acts on the seed electrons that run along cosmic ray (that is moving toward the ground) by decreasing-not increasing-their energy with eE force. In such conditions, the runaway breakdown could not occur. A probable explanation of the actual occurrence, basing on runaway avalanche hypothesis, is that the seed electrons reverse their movement by interacting with nuclei of air particles. At such collision, the scattering occurs in all directions and eventually some of the scattered electrons with high enough energy can turn into runaway avalanche moving upward (downward directed E field will accelerate upward moving electrons; Carlson et al., 2008; Surkov and Hayakawa, 2012) . Carlson et al. (2008) have been modeling the number of seed electrons produced by cosmic rays using the Monte Carlo method. Their outcomes cover the altitudes of 1-30 km above ground level, which is too low for sprite's initiation; however, their computations proved significant number of downward-directed seed electrons at ~30 km with energies 1 MeV (around 10 3 m 2 s 1 ). Paiva et al. (2009) considered different model of seed electron production because of radioactive decay of muon that forms after the interaction of cosmic rays and air. Zabotin and Wright (2001) have shown that small conducting particles of meteoric origin may play important role in the formation of sprites and proved that the presence of meteoric dust in mesosphere and stratosphere is relatively high.
MICROMETEOROIDS
Considering the composition of the micrometeoroids being predominantly metallic, the dust is treated as conductor. Thus, in the presence of external electric field E, particles acquire the induced dipole moment that amplifies the field. The effect is even more pronounced, whereas the micrometeoroids contain microscopic poles on their surface. Such a condition is fulfilled in our case (Bugaev et al., 1975) and leads to enhancing the field because these microscopic poles or "microspires" are source of electrons and ions because of chain reaction of "cathode instability," auto-emission and explosive emission (Raizer, 1991) . By this mechanism, one micrometeoroid can create a plasma cloud with a radius of 10-30 m and an electron density of 10 6 cm 3 , which can possibly develop a streamer without the phase of electron avalanche. The micrometeoroids may also be responsible for branching of streamers when the original streamer meets plasma cloud emitted from a meteoroid particle and for the enhancements of luminosity at streamers bifurcation points because of explosions of the meteoric dust (Zabotin and Wright, 2001) . Wescott et al. (2001) argued that while sprite halo occurs directly above the causative +CG lightning, the very sprites (if they show up after the halo) are mostly displaced from that direction. They stated that only meteoric dust is a good candidate for a trigger capable of explaining this displacement. The authors stated that ionization because of cosmic rays is too much spread to provide the explanation for isolated, sporadic events such as sprites, whereas it still provides a steady background ionization. 
SUBTLE STRUCTURE OF SPRITES
Telescopic imaging from the ground reached very precise level with good spatial resolution and temporal accuracy as high as 32,000 fps. Many sprite observations have shown filamentary, "tendril-like" structures interpreted as streamers (Cummer, Jaugey, et al., 2006; Gerken and Inan, 2002; Marshall and Inan, 2005; Stenbaek-Nielsen et al., 2013) . In some cases, the sensitivity of the apparatus leads to imaging of structures as narrow as the lower limit of the resolution-10-20 m (Marshall and Inan, 2005) . Typically, sprite streamers, however, are less than a few hundred meters in diameter (Stenbaek-Nielsen et al., 2013) . It was shown that wider streamers move faster and the relation of the diameter to velocity is roughly linear (Kammae et al., 2012) .
Streamers often split what is a behavior exhibited not only by sprites but also in laboratory experiments (Kochkin et al., 2016) . Phenomenon of sprite splitting (see Figure 4) is easier to examine for downward propagating streamers because they more often appear on dark background. Before the split, a streamer glows brighter and grows wider. Streamers that split are, on an average, 4 times more luminous than those that do not split and their median width is, on an average, ~400 m in comparison to ~200 m for non-splitting ones. This could indicate that there is a minimal width of streamer that splits. Sprite streamers can split into 2-10 substreamers, whereas laboratory streamers split mostly into 2 and, rarely, into 3 sub-streamers (Stenbaek-Nielsen et al., 2013) .
Ebert et al. (2010) compared the results from laboratory streamers measurements with sprites observations. They suggested that there may be a general minimal diameter for sprite streamer, around 20 m because there is a minimal diameter for laboratory streamer too.
Ground-based experiments can help understanding streamer branching. For example, using data from Briels et al. (2008) , it was measured that for streamer of diameter d, branching occurs after path D in relation:
d= 11 4for pressure 0.1-1 bar. The relations between laboratory streamers and mesospheric ones are governed by similarity laws, and in most cases, molecule number density N is the most important scaling factor. More details on scaling factors can be found in Ebert et al. (2010) and Pasko (2006) .
Streamers have been successfully modeled by several groups. One of the first working models of sprite streamers was that of Pasko et al. (1997) that later led to the development of a successful model that included photoionization (Liu and Pasko, 2004 ). The latter model allowed for the hypothesis that streamer formation in sub-breakdown conditions is possible because of large inhomogeneities such as ionization columns Liu et al., 2012) or halo resembling patches (Kosar et al., 2013) . As it was mentioned in cited works, those inhomogeneities are to have few orders of magnitude larger plasma density and can be caused by lightning-related processes, gravity waves, or micrometeoroids. They also explained why many sprites consist only of downward-propagating positive streamers without the appearance of upward-propagating streamers too (or with their appearance, but only after some delay and from already existing structures; Cummer, Jaugey, et al., 2006; Stenbaek-Nielsen and McHarg, 2008) . It is supposed to be so because of the lower voltage threshold for the formation of positive streamers than for the negative ones . That threshold was also noticed by Briels et al. (2008) in laboratory experiments. Later on, smaller, 1-km-scale inhomogeneities were also taken into account for hypothetical reason of formation of long-delayed sprites (Liu et al., 2015) .
Another successful sprite streamer model was made by Luque and Ebert (2009) , based on the existing model for laboratory streamers (Ebert et al., 2006) . In their work, the formation of a streamer is caused by downward-propagating screening-ionization wave caused by a charge moment change of ~1,500 C km. This wave is sometimes visible as luminous halo. The authors state that probably a horizontal inhomogeneity of electron or air density is needed to destabilize the wave and create sprite streamers. In many cases, there is no halo visible before the occurrence of a streamer, especially for long-delayed sprites. This could lead to the assumption that no large inhomogeneity was present at sprite initiation. However, this could also be caused by low sensitivity of the apparatus (Stenbaek-Nielsen et al., 2013) .
The development of a streamer from halo is shown in Figure 5 . On this picture, the main halo fades away, but streamers develop from a remaining structure. This remnant luminosity may by the ionization wave proposed by Luque and Ebert (Stenbaek-Nielsen et al., 2013) .
Recently, theoretical study on instabilities that could lead to sprite filamentary structure was provided in B cki and Mizerski (2018). The authors have found an instability that leads to enhanced plasma density distribution in the form of stripes aligned with electric field. This could serve for explaining structure of streamers in sprites. Fig. 5 . Streamer development in the event on August 27, 2009, at 09:15:23 UT. Top image, A, has the elve across the center part of the image, and the halo is just entering the field from above. Image B shows the halo with considerable spatial structure. Image C shows the early streamers, and D shows the central streamer with glow from upward-propagating streamers. This event is an example of an event that is a combination of multiple Csprites and carrots. Panel E shows a 2.5-ms image time series with the halo streamer development. The time series is formed from the image sections outlined by the white box in images A-C (Image D is after the end of the time series). The streamer is seen to form from structure in the halo descending with the halo and forms after the main halo has faded. The scale on the left is the elevation angle (in degrees) and on the right is the altitude (in km), assuming that the sprite is at a distance of the causal lightning discharge. Taken from Stenbaek-Nielsen (2013) 
TARANIS SCIENTIFIC PAYLOAD
TARANIS is a French Space Agency's (CNES) mission dedicated to examining TLEs and TGFs as well as other effects related to energy transfer between the atmosphere of Earth, ionosphere, and magnetosphere (Blanc et al., 2007) .
The satellite is planned to be launched in 2020. It will fly at 98° polar low Earth orbit at ~700 km and will be sun-synchronized with 2 hours drift from local time per year. Being launched at 10 PM local time in 2 years, it will cover the period 10 to 2 both before midday and after (10-2 AM and 10-2 PM). Owing to power-budget limitations, instruments will operate only between 60°S and 60°N geographic latitude, however, this covers most of the area where storms occur and TLEs and TGFs are expected (Lefeuvre et al., 2008) . Main topics of TARANIS mission are (Blanc et al., 2007; Lefeuvre et al., 2008) :
TLEs and TGFs observations Environmental conditions of TLEs and TGFs, such as triggering lightnings, correlation with cosmic rays, micrometeoroids, volcanoes, structure of atmosphere Transfers of energy between atmosphere, ionosphere, and radiation belts Provide inputs for modeling TLEs and TGFs generation mechanisms Provide inputs for modeling large-scale effects on ionosphere and global electric circuit because of TLEs, TGFs, and bursts of precipitated or accelerated electrons. The scientific payload includes Micro Cameras and Photometers Micro cameras and photometers (MCP) consists of 2 microcameras and 4 photometers; it alerts the TARANIS system of TLE occurrence. Both cameras have the same hardware but are filtered to pass different bands of light. The first camera is designed to detect sprites with filter passing N21P, 762 nm band, strongest emission band of sprites. The contamination by the O2 band at 761.9 nm is prevented by the fact that O2 density is much higher in the troposphere than in the ionosphere and the emission will be strongly attenuated at the altitude of TARANIS. The second camera is designed for detecting lightnings with a filter focused on 777 nm. Cameras' sample size is about 1 km 2 at nadir. Low spatial resolution is sufficient for statistical measurements and measuring emission rates, whereas high-resolution measurements can be provided from ground systems.
Photometers will work in Lyman-Birge-Hopfield (LBH) UV band at 160-260 nm, N22P band at 337 ± 5 nm, and N21P at 762 ± 5 nm and 600-900 nm. See Section 3 for the description of these bands (Blanc et al., 2012) .
Instrument for Electric field Measurements-Low Frequency (IME-BF) The instrument covers the range of LFs and medium frequencies (0 Hz to 1 MHz). It can be used for observing emissions from 0 + whistlers (whistler that has not yet been reflected by the magnetic mirror, see Section 4) that were produced by causative lightnings of the TLE or TGF events. This can be especially useful for recording intracloud discharges that often cannot be registered by ground-based systems. It can also be used for estimating plasma parameters and monitoring electromagnetic surrounding of the satellite. It probably could be used for monitoring electron and runaway electron beams. The instrument is equipped with ion probe too (Lefeuvre et al., 2008) . Instrument for Electric field Measurements-High Frequency (IME-HF) The instrument covers the frequencies 100 kHz to 35 MHz. At highest frequencies, which are weakly attenuated by the ionosphere, its goal is to gather signatures of TLEs, TGFs, lightning flashes, and narrow bipolar events. At lower frequencies, below 1 MHz, it overlaps with IME-BF measurements, giving the possibility to tell the polarization characteristics and identify wave propagation modes (O or X). In full band, it could serve for monitoring the TIPPs (see Section 4) and man-made emission, giving opportunity to estimate local plasma frequency from cutoff frequency (similar to that with the use of an ionosonde; Lefeuvre et al., 2008) . Instrument for Magnetic Measurements (IMM) The instrument measures magnetic flux in the range from few hertz to 1 MHz. It has got two functions: at VLF (below 20 kHz), measuring propagation characteristics of the wave such as polarization and direction; at whole range, to complete the data from IME-BF, to distinguish electrostatic and electromagnetic waves, and to provide propagation characteristics. Data analyzer will include IME-BF data for 0 + whistler detection that will serve for lightning-tracing purposes (Lefeuvre et al., 2008) . X-ray, Gamma-ray, and Relativistic Electron Experiment (XGRE) XGRE, 3 × 300 cm 2 CsI(Na) scintillators, can detect photons (20 keV to 10 MeV) and energetic electrons/positrons (1-10 MeV) related to TGF. It is able to quantify the total energy of the event, altitude of the generation together with its time and geographic coordinates. The instrument will also be able to distinguish X-ray and gamma-ray photons from energetic electrons/positrons (Sarria et al., 2017) . Instrument for Detection of Energetic Electrons Instrument for detection of energetic electrons (IDEE) will provide high-resolution spectra of energetic electrons (80 keV to 5 MeV) and their pitch angles. It is focused on lightning-induced electron precipitations (LEPs) and terrestrial electron beams (TEBs) associated with TGFs. It was designed to detect even very short transients (<10 ms) with small fluence (Sarria et al., 2017) . Multi Experiment Interface Controller Equipment All the data will be interfaced by the Multi Experiment Interface Controller equipment (MEXIC), a device responsible for providing the energy supply and receiving, managing, and transferring the data. MEXIC was built with the participation of Space Research Centre of the Polish Academy of Sciences (Lefeuvre et al., 2008) . 
CONCLUSIONS
TARANIS is the first satellite that will cover such wide measurements of the TLEs, examining simultaneously the electromagnetic radiation, optics, and particles. Another CNES mission, DEMETER, carried similar electromagnetic equipment that gathered useful data about thunderstorms and TLEs (see, e.g., Parrot et al., 2008) . Recently, many spacecrafts related to examining thunderstorms were sent or will be sent in the nearest future-American GOES-R, European MTG with their lightning imagers; TARANIS is sent as a part of cooperation that include ASIM module and Lightning Imaging Sensor (LIS) onboard the ISS; Russian Chibis-AI is to be soon released. By the cooperation of different groups of scientists, interesting outcomes are expected.
The EM signal and particles transfer is attenuated by the atmosphere. Researches have shown that 100-kHz radio signal is attenuated by around 40 dB when passing the ionosphere (Füllekrug et al., 2009 ), but models suggest that much of LF emissions should be measurable at satellite altitudes (Füllekrug, Hanuise, et al., 2011) .
Regarding TGFs, Xu et al. (2017) claimed that when a TGF travels through the atmosphere from the altitude it was produced, it excites electrons because of Compton scattering and photoelectric absorption. These TGF-induced electrons should produce optical emission in N22P (337 nm) and N21P bands that would spread above cloud tops (12-15 km) and be visible from ground and space (forming new type of TLE). Not every gamma-ray radiation can be measured from space because of attenuation, and TGFs are only a fraction of X-and gammarays production from clouds (Celestin et al., 2015) . Such new TLEs could lead to better understanding of radiation from thunderstorms. TARANIS is closely related to ASIM mission that is also focused on observing TGFs and TLEs produced by electrical activity of thunderstorms. ASIM was launched on April 2, 2018, and was placed in Columbus module of the ISS. The orbit of the ISS has an inclination of 51.6° and drifts 6° westward per day-in ~2 months, it covers all local times. Its altitude is the lowest low Earth orbit and varies from 370 to 460 km. ASIM is equipped with 2 main tools: the Modular X-and Gamma-ray System (MXGS) and the Modular Multispectral Imaging Array (MMIA) . Thanks to the fact that ASIM is placed on the ISS, it is able to use the station's device-LIS-but for the same fact, the EM surrounding of ASIM is very noisy as the ISS devices produce large amounts of EM radiation. ASIM's MXGS is aimed to detect TGFs; more details on how it works can be found in Østgaard et al. (2019) . ASIM's MMIA is a pair of microcameras and 3 photometers aimed to visually detect TLEs and lightning activity in the thunderclouds; more details on its properties can be found in Chanrion et al. (2019) .
ASIM mission orbits lower than TARANIS is intended too; thus it is closer to the thunderstorms and exhibits lower attenuation for light and particles. On the other hand, it lacks TARANIS' 600-to 900-nm photometer, which is placed in surrounding that is electromagnetically noisy (ISS devices) and can only detect photons (that, however, can be radiated by energetic electrons or positrons). Thus combined measurements performed by ASIM and LIS onboard the ISS and free-orbiting TARANIS will be mutually complementary. Dwyer J.R., and Uman M.A. (2014) . The physics of lightning. Physics Reports, 534(4), 147-241. https://doi.org/10.1016/j.physrep.2013.09.004
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